Abstract Flow maldistribution in heat exchanger tubes can significantly affect its performance. In this work, 16 tubes are connected between the inlet and the exit headers forming the heat exchanger. The feed nozzle is connected to the inlet header, and its connection point can be altered. The influences of inlet flow Reynolds number, nozzle diameter, number of nozzles and nozzle location on the flow maldistribution are experimentally investigated. Water is chosen to be the working fluid inside the heat exchanger set of tubes. At lower flow rates, the results showed that the flow Reynolds number has a significant effect on the flow maldistribution inside the heat exchanger set of tubes; however, at higher flow rates, this effect was insignificant. Locating the nozzle at the center of the inlet header resulted in about 25-30 % reduction in the standard deviation (STD) of the flow rate inside the tubes. Increasing the number of inlet nozzles resulted in an insignificant effect on the flow maldistribution. Increasing the nozzle diameter resulted in increased STD of the flow rate distribution among the tubes and pressure drop across the tubes at the considered heat exchanger geometry and water flow rate.
Introduction
It is of highly importance to understand through experiments and CFD modeling the influence of operating parameters on the flow distribution to the individual passes. There are many studies in the literature considering this phenomenon numerically; however, small number of studies were carried out on certain types of heat exchanger were performed experimentally. The flow maldistribution mechanism between the tubes of the heat exchangers needs to be well studied in order to address the main parameters causing this flow maldistribution. Maldistribution of flow in the header can be affected by the header orientation, velocity of the inlet flow and geometry. The main goal while designing a heat exchanger is to obtain a uniform flow distribution inside the heat exchanger tubes in order to obtain a heat exchanger with uniform cooling.
Anjun et al.
[1] conducted an experimental study on the influences of both the diameter of the inlet and the first and the second header diameters on the flow maldistribution inside a plate-fin heat exchanger (PFHE). Correlation of the dimensionless flow maldistribution parameter and Reynolds number was obtained under different header configurations. An experimental investigation was carried out by Prabhakara et al.
[2] to measure the difference in pressure through the port to the channel inside plate heat exchangers using low corrugation angle plates under large range of operating Reynolds number starting from 1,000 to 17,000 and for varied number of channels, 20 and 80. The working fluid was water for both cases of hot and cold fluids. The results indicated that as the flow maldistribution increases the overall pressure losses in the plate heat exchangers increases. Hoffmann et al. [3] described experimentally flow maldistribution for a plate-fin and tube heat exchanger. However, the authors have not considered its impact on the heat exchanger thermal efficiency. The topic was presented in more detail by Hoffmann et al. [4] . Pipatpaiboon et al. [5] performed an experimental study on a 17-tube thermo-syphon heat exchanger (TPHE) using different working fluids including methanol, distilled water, and refrigerant 134-a. The heat exchanger in their work was used in a factory to cool the biodiesel. They reported that, under uniform cooling of the heat exchanger, the biodiesel temperature can be reduced from 120 to 80 • C.
There are many numerical models which were applied in order to understand the flow maldistribution phenomenon. Different models that take into account flow maldistribution effects in plate and cross-flow heat exchangers were described by Luo and Roetzel [6] . In their work, a system of governing equations was solved using both numerical inverse transform and Laplace transform algorithms. They showed that, for plate-fin heat exchangers made of aluminum, the influence of the lateral heat conduction resistance of fins on the flow temperature and flow maldistribution is insignificant and they attributed this to the high fin efficiency. Ranganayakulu and Seetharamu [7] carried out a study, using a finite element method, on a plate fin, compact and cross-flow heat exchanger, considering the influences of both the exchanger wall and non-uniform inlet fluid flow distribution on both hot and cold fluid sides and the two-dimensional longitudinal heat conduction. Using a finite element code, the mathematical equations were solved for different types of inlet flow and temperature maldistributions. Based on that, the heat exchanger effectiveness and its deteriorations due to flow and temperature maldistributions were calculated. They reported a significant effect of the flow and temperature maldistribution on the heat exchanger performance deteriorations. The effect of flow maldistribution on the thermal performance of cross-flow heat exchanger and the deterioration or promotion due to the flow maldistribution has been investigated numerically by Yuan [8] . They indicated that the best flow maldistribution mode promotes the thermal performance of cross-flow heat exchanger occurs when the number of transfer units (NTU) and heat capacity rate ratios are large.
A review of the flow distribution performance in a plate-fin heat exchanger has been studied by Jiao et al. [9] . The study of Rao et al. [10] proved that the optimum design of the header configuration can greatly improve the performance of flow distribution in plate-fin heat exchanger. A better approach of the analysis of the heat transfer data for plate heat exchangers was suggested by Rao et al. [11] . Habib et al. [12] , based on numerical studies, provided correlations of flow maldistribution parameters in air-cooled heat exchangers and indicated that the inlet flow Reynolds number and nozzle geometry do not greatly influence flow maldistribution. In addition, the results indicated that reducing the nozzle diameter results in an increase in the flow maldistribution. It was found that increasing the number of nozzles results in a significant influence on the maldistribution. The results indicated that incorporating a second header tends to reduce the flow maldistribution. Bhramara et al. [13] carried out a CFD analysis of two-phase flow of refrigerants inside a horizontal tube using homogeneous model under adiabatic conditions. The analysis was performed to evaluate the local frictional pressure drop at different flow rates and saturation temperatures. More recently, Habib et al. [14] evaluated flow maldistribution in air-cooled heat exchangers. They evaluated the effects of number of nozzles, nozzles location, geometry and diameter on maldistribution inside the heat exchangers. Josedite et al. [15] studied the thermal fluid dynamics of water/ultra-viscous heavy oil separation process in a hydro-cyclone. They presented a steady-state mathematical model which simulates the performance of a non-isothermal separation process.
The Eulerian-Eulerian approach for the interface of the phases involved (water/ultra-viscous heavy oil) is used and the two-phase flow is considered as incompressible, viscous and turbulent. It was determined from their study that the separation efficiency was higher for higher fluid inlet velocity of the mixture, when the average temperature of the fluid in the hydro-cyclone was increased and for bigger oil droplets size (10 −3 m). Luo et al. [16] and Meyer and Kroger [17] concluded similar results about minor up to 5 % effects of this phenomenon. The effects of maldistribution in fintube heat exchangers have been investigated by Aganda et al. [18] . It was found that flow maldistribution greatly influences the mean and standard deviation. Hetsroni et al. [19] performed experiments to study the flow regimes and
